Protein, carbohydrate, lipid concentrations and HSP 70-HSP 90 (stress protein) expression over an annual cycle: useful tools to detect feeding constraints in a benthic suspension feeder Abstract In the present paper we suggest an effect of seasonal variations in food availability on two ecophysiological parameters in a warm temperate benthic suspension feeder: the tissue concentrations of proteins, carbohydrates and lipids on the one hand, and the expression of stress proteins (HSP 70 and 90, inducible and/or constitutive) on the other hand. The concentrations of biomacromolecules have already been used to describe bentho-pelagic and reproductive processes, but this is the first time that stress protein expression is suggested to be directly related with food constraints in marine organisms. Paramuricea clavata (Cnidaria: Gorgonacea) express HSP 70 and 90 (constitutive and/ or inducible) throughout the seasonal cycle, and HSP 70 levels are twice as high as the levels of HSP 90. In summer and autumn, when seston availability to suspension feeders was low, P. clavata showed low levels of carbohydrates and lipids, but high levels of HSPs expression. The levels of HSP 70 and 90 expression fit with negative exponential functions of carbohydrate and lipid concentrations. We suggest a direct effect of food availability on the studied ecophysiological parameters while the effect of temperature may be rather indirect. HSP expression as well as the tissue concentrations of carbohydrate and lipids may be used as biomarkers of environmental changes and seston availability to benthic suspension feeders.
Introduction
Sessile suspension feeders dominate hard and soft substrates of shelf benthic communities. These organisms feed on a wide spectrum of particles transported horizontally and vertically (Wotton 1994; Wildish and Kristmanson 1997) . Sessile organisms interact with currents at individual, colony, population, and community levels, efficiently capturing available prey and coupling their biological cycles to stochastic environmental changes (Coma et al. 2001) .
In benthic invertebrates, life cycles can be interpreted as cumulative responses to environmental fluctuations through the annual cycle (Cavaletto and Gardner 1998; Brockington et al. 2001) . For example, tissue proteincarbohydrate-lipid concentrations are an excellent tool to understand the relationships between the feeding and reproductive cycles of benthic organisms and environmental factors in the water column (Cavaletto et al. 1996; Cavaletto and Gardner 1998) . On the other hand, environmental changes are reflected in cellular signals.
The study of such signals has received little attention (except for the temperature-HSP relationship) but might contribute significantly to an understanding of environment-species relationships.
A physiological parameter related with environmentspecies relationships in laboratory and field experiments is stress protein expression (heat-shock protein, HSP) (e.g. Hoffman and Somero 1996; Minier et al. 2000; Snyder and Rossi 2004) . It is known that HSPs are important for organisms that under natural conditions encounter high physical stress such as temperature shifts. Whether the induction of HSPs by stress is widespread among organisms under natural conditions is still poorly known (see Feder and Hofmann 1999 , for a review). In situ HSP expression studies have been performed on very few species (e.g. Hofmann and Somero 1995; Helmuth and Hofmann 2001; Rossi and Snyder 2001; Snyder and Rossi 2004) . Only very recently the stress protein response has been related directly or indirectly to ecological processes other than heat shock (Minier et al. 2000; Rossi and Snyder 2001) .
A relationship between food deprivation and HSP expression is known from laboratory studies (e.g. Plakidou-Dymock and McGivan 1994; Lee et al. 1999; Lewis and Hughes-Fulford 2000) . In the present paper, a warm temperate suspension feeder from a hard bottom community has been studied to test whether HSP expression through the annual cycle is related with feeding constraints. It is well known that seston availability to most suspension feeders is markedly seasonal in warm temperate seas (Gre´mare et al. 1997) . Two physiological parameters were examined in the gorgonian Paramuricea clavata: (1) Protein, carbohydrate and lipid concentrations, and (2) HSP 70 and HSP 90 protein expression (inducible and/or constitutive). The gorgonian species chosen is very abundant on hard bottom substrates in the Mediterranean Sea and is considered an essential element of the three-dimensional structure of the sublittoral benthic community (Gili and Ros 1985) . The biology of P. clavata has been extensively studied during the last decade (e.g. Weinberg 1978; Mistri and Ceccherelli 1994; Coma et al. 1998a Coma et al. , 2002 . Furthermore, stress protein expression in P. clavata tissue cannot be related with highly fluctuating temperatures (heat shock response), because the cnidarian lives at 15-60 m depth (Gili and Ros 1985) and changes in temperature in the spring-summer period do not exceed 2-3°C. Due to the three-dimensional structure of the colonies, HSP expression cannot be related with space competition processes previously determined in other cnidarians (Rossi and Snyder 2001) . The sampling zone (a marine protected area) is considered free of pollutants (ACA 2001) , so pollution effect on HSP expression can be excluded. The goal of this paper was to conduct the first combined study of both parameters (i.e. protein, carbohydrate and lipid concentrations on the one hand, and HSP 70 and 90 expression on the other hand) that may be related to seasonal changes in environmental factors such as the quality/quantity of seston available to a benthic sessile suspension feeder.
Material and methods
Protein, carbohydrate and lipid tissue concentrations as well as HSP 70 and HSP 90 protein expression in the gorgonian Paramuricea clavata were determined monthly from February 1997 to February 1998 at the Medes Islands (40°02¢55¢¢N, 3°13¢ 30¢¢E, north western Mediterranean Sea). A population living on a boulder 18 m depth was sampled by SCUBA divers as follows: 20 colonies >40 cm height (ten male and ten female mature colonies) were tagged in February 1997, and their sex was identified in May 1997 according to Coma et al. (1995a) . Samples taken prior to May could be sexed retrospectively. Apical branches were cut off, preserved in plastic bags and transported to the coast in a cooler with sea water and plastic ice-coolers (10°C).
No more than 30-40 min passed from the sampling in the field until samples were frozen in liquid nitrogen (cryovials). The branches were then transported to the main laboratory, and stored at À80°C.
Water temperature profiles were made every 3-5 days with an inverted thermometer, according to Cebria´n et al. (1996) , 100 m apart from the sampling area (Estartit meteorological station). Wave height was recorded each day by repetitive counting of the wave crash on a rock with a ruler (precision: 0.2 m).
To determine seston availability near the bottom, water was sampled along with P. clavata tissue, 30 m apart from the gorgonian population (Rossi 2002) , in the same channel where the suspension feeders settled. The main currents in this place flow from sampling site in the water column to the studied gorgonian population (Pascual et al. 1995) . Biochemical parameters were determined from natural seawater (22-24 l), collected by SCUBA diving every 15 days. The water was carefully sampled with the aid of 2 l plastic bags, 0.2-0.5 m above the horizontal rocky surface, avoiding any movement that could result in a resuspension of the sediment. Once on the boat, the bags were emptied into 5 l bottles which were kept on ice coolers (10°C) until arrival in the laboratory (no more than 30-40 min after sampling). After each sampling, the plastic bags were rinsed with deionized water. While processing, seawater samples were always maintained at 10°C in the dark. We present here only near bottom seston protein concentration (for further data on environmental factors and near bottom seston characteristics in the same area and at the same time, see Rossi 2002 and Rossi et al. 2003) .
Seston protein concentration is considered a useful measure for the quality of matter (compared with particulate organic carbon and nitrogen; Arin et al. 1999) . Estimation of the total particulate protein concentration was made from three 1,400 ml seawater replicates filtered through pre-combusted GF/F filters that were immediately frozen in liquid nitrogen and maintained at À80°C until processing. Protein concentration was estimated spectrophotometrically by the Lowry et al. (1951) protocol with minor changes. The filters were extracted by grinding them in the cold on 1 mol l À1 NaOH (2 ml) with a tissue-grinding homogenizer. The assay was performed on 0.5 ml of the homogenate. After the color reaction, the mixture was centrifuged at 3,000 rpm to avoid the glass fiber interference in the 750 nm wave length reading (UVIKON 923 spectrophotometer). Bovine serum albumin (Sigma) was used as standard.
Protein, carbohydrate and lipid tissue concentration
Organic matter (OM) of primary branches was calculated taking monthly 10-15 mg of the tissue (N=20, dry weight) and ashing for 4 h at 500°C. The difference between dry weight and ash weight was the organic matter (Slattery and McClintock 1995) .
The protein, carbohydrate and lipid concentrations were determined with lyophilized branches (freeze-dried 12 h at À110°C and 100 mbar pressure), and stored at À20°C. Twenty milligram portions of each dried branch (N=20 branches each month; 15-30 polyps per branch plus connective tissue, peeled branch, no axis; weighed to 0.01 mg) were used in each of the following analyses. Proteins were quantified using the Lowry et al. (1951) method, and tissues were homogenized in 6 ml 1 mol l À1 sodium hydroxide. Carbohydrates were quantified using the Dubois et al. (1956) method for the 20 colonies each month (homogenized in 6 ml double distilled water). Lipids were quantified using the Barnes and Blackstock (1973) method (N=20, homogenized with 4 ml chloroform-methanol (2:1 V:V)). Results are presented in lg protein/carbohydrate/lipid mg À1 OM.
HSP 70 and HSP 90 measurements
From the 20 tagged colonies, four males and four females were assayed for stress protein levels during the 13 month period. It has been demonstrated that 30 min at 10°C does not induce HSP expression in cnidarian tissues (Rossi and .
The following protocol was used in western immunoblotting for HSP 70 and HSP 90 expression. Frozen samples (stored at À80°C) were individually homogenized in 0.2 ml of buffer K containing 5 mmol l À1 sodium phosphate, 40 mmol l À1 HEPES, pH 7.4, 5 mmol l À1 magnesium chloride, 70 mmol l À1 potassium gluconate, 150 mmol l À1 sorbitol, and 1% SDS. Homogenates were centrifuged 10 min at 10,000 g, and the supernatants were combined with equal volumes of SDS sample buffer (Laemmli 1970 ) and boiled for 5 min. Supernatant protein levels were determined by BioRad DC assay (which follows the Lowry et al. 1951 method) , and 20 lg of colony protein was loaded in each gel lane. Discontinuous SDS gels (1 mm) were 6.2% for the stacking gel and 12% for the resolving gel. After running for 2 h at 150 volts, SDS gels were electroblotted onto PDVF membranes (for 1 h at 100 volts). The protein band quality of each western blot was checked by visualization of proteins by Ponceau S staining. HSP 70 and HSP 90 proteins were detected using mouse monoclonal anti-HSP 70 (SPA-822), and anti-HSP 90 (SPA-830; both from StressGen, Victoria, B.C.). The use of SPA-822 HSP 70 antiserum may underestimate the number of HSP 70 isoforms, and consequently may explain the finding of a single HSP 70 protein by our methods. However in larval lobsters, Homarus americanus, juvenile abalone, Haliotis rufescens, and adult mussels, Mytilus galloprovincialis, respectively ) 3-4 different HSP 70 isoforms could be revealed with the same antiserum. The secondary antibody was goat-anti-mouse IgG, conjugated to peroxidase (Sigma). Visualization was performed using ECL reagents (Amersham) and exposure of blots to x-ray film. Blot band intensities were compared by scanning the x-ray films and analysed with the NIH Image software package. For each blot, 50 ng of standard protein (human HSP 70 or bovine HSP 90, StressGen) was included. Scanned intensities of all HSP bands were compared against the intensities of the HSP protein standards from each blot. Each scanned NIH Image is divided by the intensity of the HSP standard from that particular western blot.
HSP 70 and 90 expression has been previously reported in cnidarians by others using the same or similar techniques (Miller et al. 1992; Sharp et al. 1994; Black et al. 1995; Fang et al. 1997; Sharp et al. 1997; Wiens et al. 2000; Rossi and Snyder 2001; Snyder and Rossi 2004) .
Statistics
ANOVA with post-hoc Tukey tests were made using the STATISTICA 6.0 software package, grouping both biochemical levels and HSP concentrations in (months) · (sex). A simple standard correlation was made to fit water temperature (20 m depth) and HSP 70 and 90 expression, and separately for the HSP 70 and HSP 90 expression relationships. Biochemical parameters (protein, carbohydrate and lipid concentrations) and the HSP 70 and 90 (stress proteins expression) were fitted using different regression models (i.e. linear, exponential, polynomial, etc.) using STATISTICA 6.0 software package to determine (1) if there was some relationship, and, if so, (2) which kind of relationship explained most of total variance.
Results
Minimum water temperatures were reached in February-March, maximum in August-September (Fig. 1) . Minimum wave height was recorded in February 1997 and August, whilst maximum was recorded in October and December (Fig. 1) . From July to September, temperatures were high and wave height low, so the thermocline was well established and water movements were weak. Shifts in temperature at 20 m depth were (maximum) 2°C in these months. In November and December, temperature was lower, and no shifts were recorded (the thermocline disappeared); waves were higher and more irregular than in the summer period, promoting water movements.
Seston protein concentration was minimal in September, and maximal in June (Fig. 2) . Seston proteins showed high concentrations from February to August 1997. In September 1997 seston protein concentration dropped, remained low until January 1998, then increased again.
Throughout the year, there were no differences between sexes nor between months in the organic matterrefractory matter (mainly CaCO 3 spicules) proportions in the tissue of primary branches (two-way ANOVA F 12,249 =0.958, P=0.449). The annual mean weight of inorganic matter was 596±45 lg mg À1 dry tissue weight (%60% of the dry weight).
The tissue concentration of protein and carbohydrate varied monthly but there was no difference between male and female colonies (Fig. 3a, b and Minimum values in carbohydrate concentration were present from August to December, whilst maximum values were recorded in February-March. Tukey posthoc test showed no differences in carbohydrates between February 1997 until April 1997 and January-February 1998. However, there were significant differences compared to the July-December period.
Lipid levels were significantly different between male and female colonies from March to June and in both sexes the levels varied monthly (Fig. 3c and Table 1c ). Maximum levels of tissue lipids were recorded in winterspring, minimum in summer-autumn. The Tukey post- hoc test showed that in females, lipid concentrations in March-June 1997 and in January-February 1998 were significantly higher than in July-December 1997. Such differences were less pronounced in males, but in males also the July-December 1997 period differed from both the periods March-May 1997 and January-February 1998.
Paramuricea clavata expressed HSP 70 (constitutive and/or inducible) throughout the seasonal cycle (Fig. 4a) . The monthly variability expressed by the tested colonies was high. No differences between male and female colonies were found through the annual cycle (Table 1d) . Minimum values were recorded in June, maximum in September. Tukey post-hoc analysis showed that HSP 70 expression in August-December 1997 was different from that during the rest of the year. The October levels, however, were not different from those of the low nor the high concentration months. There was no significant correlation between HSP 70 expression and water temperature at 20 m depth (R 2 =0.26, P=0.07; N=13). A significant negative correlation was found between HSP 70 and near bottom seston proteins ( Fig. 5a ; R 2 =0.37, P<0.05; N=13). Paramuricea clavata also expressed HSP 90 (constitutive and/or inducible) throughout the seasonal cycle (Fig. 4b ). There were differences between the sexes but not between months (Table 1e ). Females expressed more HSP 90 protein than males through the annual cycle. Minimum values appeared in June, and maximum in July and January. There was a tendency towards higher HSP 90 concentration in the July to January than in the February to June period. A significant correlation was found between HSP 90 expression and water temperature at 20 m depth ( Fig. 5b ; R 2 =0.42, P<0.02; N=13). There was no significant correlation between HSP 90 and near bottom seston proteins (R 2 =0.14, P=0.20; N=13).
HSP 70 expression was higher than HSP 90 expression in the August-December period (two-way ANO-VA, F 12,197 =5.70, P<0.004). No significant relationship was found between these two variables (R 2 =0.02, P=0.14; N=104). The general pattern with a maximum during the summer-autumn period was the same for both stress proteins.
The correlations between biochemical parameters (i.e., carbohydrate and lipid concentrations) and HSP 70 or 90 expressions are shown in Figs. 6 and 7. The best fitting curve was an exponential function (compared with linear, polynomial (orders 2, 3 and 4), and power functions). In order to identify significant relationships, the curves were log s10 transformed. Female and male protein levels did not significantly fit with HSP 70 or HSP 90 expression. Male and female carbohydrate levels are inversely associated with HSP 70 and HSP 90 expression (Fig. 6a, b and Fig. 7a, b) , showing a significant negative exponential relationship. Male and female lipid levels are significantly related with HSP 70 and HSP 90 (Figs. 6c, d and 7c,d ).
Discussion
Clear seasonal variations in ecophysiological parameters (concentrations of protein, carbohydrates and lipid; expression of HSP 70 and 90) have been observed in the present study: a winter-spring period (with high tissue concentrations of carbohydrates and lipids, and low HSP 70 and 90 expression), and summer-autumn period (with the reverse situation). Seasonal trends in the concentrations of macromolecules and in the expression patterns of HSP 70 and 90 have been the subject of several studies. To our knowledge, the present study is the first for the marine environment reporting on parallel observations on the concentrations of organic macromolecules, stress protein expression and some key environmental parameters (i.e., water temperature, wave height, quantity/quality of near bottom seston). It has been only recently suggested that feeding and HSP 70 expression may be related in marine organisms. Minier et al. (2000) found a direct effect of temperature on HSP 70 expression in Mytilus galloprovincialis, and suggested an indirect effect of food availability and growth. In this study, mussels were permanently submersed, but the sampling site was very shallow and thus shifts in temperature were distinct. The authors found high levels of HSP 78 from July to September, coinciding with increased food availability, which was opposite to our findings for P. clavata. The study was performed in the Ebro river delta, which in summer may have high chlorophyll a levels due to phytoplankton blooms (Camp and Delgado 1987) . But the observations by Minier et al. (2000) do not explain whether and how this food enrichment may affect HSP expression, and the only variable that was strongly related with HSP expression was temperature.
In warm temperate seas, a trophic summer crisis related to low food abundance has been demonstrated for some benthic suspension feeders (Sarda`et al. 1999; Coma et al. 2000) . In the Mediterranean, near bottom seston concentration in summer is low compared to that in winter and spring (Gre´mare et al. 1997; Rossi et al. 2003) . This situation probably explains the low summer levels of lipid and carbohydrate observed in P. clavata tissues. In the present study, near bottom seston protein concentration was relatively high in July-August, but water movement (i.e. wave height) was low. These data suggest a lower food supply to passive suspension feeders in summer, compared with winter-spring time, when the near bottom seston quantity and quality is high and the environment is more turbulent. Water stratification, poor nutrient availability and a low resuspension rate may result in reduced feeding, respi- (Sebens 1987) . Seston concentration is low in summer, but its quality at this time of the year is very high (Gre´mare et al. 1997; Rossi et al. 2003) . Low autumn carbohydrate-lipid tissue concentrations in P. clavata may also reflect a period of low food availability: seston concentration is very high, but its quality is lower (Gre´mare et al. 1997; Ribera d'Alcala´et al. 2004 ; for seston available during the present study see Rossi et al. 2003) . Seasonal feeding studies on passive or active suspension feeders in warm temperate seas lead to the conclusion that in autumn, the carbon supply decreases (an important part probably coming directly from low quality detritus, e.g. Ribes et al. 1998; Jordana et al. 2001; Rossi et al. 2004) . It cannot be excluded, however, that a decrease in carbohydrate-lipid concentrations in P. clavata is associated with reproduction in the summer (Coma et al. 1995b) , although non-reproductive colonies of this species show similar seasonal trends (Rossi 2002) .
The expression of HSPs also showed seasonal variations. The expression of these proteins cannot be related with dramatic temperature shifts. The concentration of lipids as energy storage macromolecules has been related to starvation and reproductive periods in many seasonal studies (e.g. Peck et al. 1987; Cavaletto et al. 1996; Mayzaud et al. 1999) , but stress protein expression has so far been related only to heat shocks, i.e., to increases in temperature by 8-15°C within a few minutes (e.g., Hofmann and Somero 1995; Helmuth and Hofmann 2001) . The present results show that stress protein expression varies through the seasonal cycle: there is a period of low expression in winter-spring and a period of high expression in summer-autumn, coinciding with periods of high and low food availability, respectively. Also, the relationship with near bottom seston quality (proteins) is significant for HSP 70. Plakidou-Dymock and McGivan (1994) demonstrated that HSP 72 was induced in bovine renal epithelial cells deprived of amino acid resources, and Zarsky et al. (1995) showed that in vitro starvation processes in tobacco pollen were accompanied by a dramatic increase in HSP 18. Starvation elevated HSP 42 in Saccharomyces cerevesiae (Wotton et al. 1996) , and recently the expression of the HSP 70 family has been linked to starvation in several in vitro experiments involving isolated mammalian cells (Lee et al. 1999; Lewis and Hughes-Fulford 2000) . In general, P. clavata biological parameters (i.e activity, respiration, etc.) reached low values when lipid and carbohydrate concentrations were low and HSP 70 ), from the activity rhythms of Coma et al. (1994) recalculated in Ribes et al. (1999) , and Rossi (2002) . Feeding (energy input, lg carbon polyp À1 day À1 ·100), from the zooplankton fraction (Coma et al. 1994 ) and the <100 lm detritus and <100 lm live carbon (Ribes et al. 1999) . Respiration (mg À1 oxygen organic matter tissue h À1 ) from Coma et al. (2002) . Reproduction (lg carbon polyp À1 day À1 ·100; m=male and f=female) from Coma et al. (1995a Coma et al. ( , 1998b . Tissue growth (lg carbon polyp À1 day À1 ·100) from Coma et al. (1998a, b) . All values are means from the above cited works. Non-italicized months indicate the winter-spring period, italicized months the summer-autumn period and 90 expressions were high, in coincidence with periods of low food availability (Table 2, Coma et al. 1998a) . In winter-spring, polyp expansion, energy input and respiration is higher than in summer-autumn (Table 2). Winter-spring time coincides with the reproductive period, and tissue growth is more regular than in summer-autumn (Table 2 ). The frequency of food pulses is higher in the winter-spring than in the summerautumn period (Coma et al. 2000) , coinciding with the phytoplankton/zooplankton blooms (Estrada 1996; Ribera d'Alcala´et al. 2004 ). We suggest that HSP 70 and HSP 90 expressions are partly related to the seasonal cycle of food deprivation. Although, temperature was related with HSP 90 expression, we suggest an indirect role of temperature acting through water stratification and the low food supply in summer time. This may be the reason why in autumn, when temperature was lower and water stratification was lacking, the HSPs levels were still high and the lipid and carbohydrate concentrations remained low.
There seems to be a relationship between carbohydrate/lipid concentrations and both HSPs, but there is a wide variability in the present results (Figs. 6, 7) . These findings might be due to the variability in the feeding success of colonies within the same population. Such variability in the results is not surprising for two reasons: (1) in most studies, stress protein expression is considered a fast physiological response, and the reaction time might vary among colonies of the same patch, and (2) it has been demonstrated in benthic suspension feeders that the feeding rate of a colony depends on its position within the patch (e.g. Okamura 1988 ). Generally, there seems to be a gradual decrease in the growth rates of gorgonians from the outer to the inner colonies (the outer ones could create trophic shadows on the inner ones; Kim and Lasker 1997) .
It appears that the expression of HSP 70 and 90 is more closely related with the concentration of carbohydrates than to those of lipids. Both carbohydrate concentration and HSP 70 and HSP 90 may quickly respond to starvation. The high mobility of carbohydrates under food deprivation is well known (Willmer et al. 2000) , and HSPs are rapidly activated in a thermal stress situation (e.g. Hofmann and Somero 1996; Helmuth and Hofmann 2001) , and may quickly reduce their levels when stress ceases (Snyder and Rossi 2004) . HSPs may become toxic by binding cellular proteins if continuously expressed at high levels (Feder and Hofmann 1999) . This may explain the wide variation in the natural P. clavata HSP 70 and HSP 90 expression patterns. We suggest that the close relationship of HSPs with carbohydrates rather than with lipids may result from similar responses (i.e., high carbohydrate mobility and rapid HSP induction) during continued starvation. On the other hand, Lee et al. (1999) and Yu and Mattson (1999) found a relationship between a slight reduction in glucose and the expression of HSP 70.
Drastic changes in temperature has been considered to explain rising levels of HSPs, but our results show a situation far from that commonly described in a ''heat shock '' situation. Feder (1999) emphasized the need of studying HSP expression in a more ecological context in order to understand better how a species physiology adapts to changes in its natural environment. The results of the present paper suggest a relationship between the expression of stress proteins on the one hand, and the tissue concentrations of proteins, carbohydrates and lipids as well as the quality/quantity of available food on the other hand. Further relevant studies in this field might result in a new approach to testing seasonal changes in the fitness of benthic populations.
